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The flexural behavior of a light-weight wood-based composite system was studied
through destructive experiments. The composite panel system consisted of profiled dimensional
lumber, which makes up the surface layers, and 1"-thick boards running across the surface
layers. Considering the changes in cross-sections along the panel due to the presence of the
embedded boards, classical theories such as the Euler-Bernoulli beam and Kirchhoff-Love plate
could not be implemented. Instead, the deflections and maximum failure loads of the composite
system under full- and short-span bending tests were measured during their destructive bending
testing, and were compared against the mechanical properties of the conventional three-ply CLT
panel with the same thickness as the panel with embedded cross-laminations.
According to maximum failure loads and deflections, it was concluded that full-span
panels with embedded cross-laminations exhibited higher strength and stiffness, whereas shortspan panels exhibited higher strength and lower stiffness properties compared to conventional
CLT panels.
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CHAPTER I
INTRODUCTION
1.1

Introduction
Wood has been used as a building material since ancient times. First, it was used for

building log homes, which provided good structural performance and fire resistance. Later, with
the development of tools and machines for wood processing, dimensional lumber was used for
various types of constructions. Afterward, wood composite materials such as oriented strandboard (OSB) and plywood were developed to further expand the share of wood in the
construction market. Finally, mass timber products, such as cross-laminated timber (CLT) and
glue-laminated timber (Glulam) have been invented towards the end of the last century (Service
2005) (Karacabeyli and Brad 2013), which are generally used in large-scale building
construction.
CLT is an engineered wood product manufactured by orthogonally face laminating
lumber with structural adhesives. It was developed in Europe which is still the leading region in
CLT production and consumption in building construction. It belongs to the group of massive or
“mass” timber products, and it composes three to nine layers of dimensional lumber. It usually
has an odd number of layers, so the bottom and top plies are symmetrical around the mid-layer
where the neutral axis is located. Nevertheless, CLT can have an even number of layers (CLT
Handbook, 2013; (American National Standards Institutes - ANSI/APA 2018)
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Softwood lumber is commonly used for CLT manufacturing. In the Southeastern United
States, southern yellow pine (SYP) lumber is usually used. SYP consists of five pine species:
loblolly pine (Pinus taeda), longleaf pine (Pinus palustris), shortleaf pine (Pinus echinata), slash
pine (Pinus elliotii) and pitch pine (Pinus rigida) (Koch 2004). In the Northwestern United
States, the Douglas fir is the most common species for CLT manufacturing, while in Europe
spruce, pine, and fir are the most common species. Nevertheless, hardwoods and wood
composites can also be utilized to produce these panels (Karacabeyli and Brad 2013).
According to the US CLT handbook (Karacabeyli and Brad 2013) and European EN
16351 standard (BS EN, 2015), three adhesive systems are commonly used for panel
manufacturing: one-component polyurethane, phenolic, and formaldehyde adhesives and
emulsion polymer isocyanate. The final dimensions of CLT panels can be from 2 to 10 feet in
width, up to 60 feet in length, and thickness can be up to 20 inches (3m x 18m x 0.5m) (w x l x
d). CLT dimension tolerances are ±1/16 inch (1.6 mm) for thickness, ±1/8 inch (3.2 mm) for
width and ±1/4 inch (6.4 mm) for the panel length. The dimensions of the individual planks that
are used in panel manufacturing are generally from 5/8 to 2 (15.8 – 50.8 mm) inches thick and
2.4 to 9.5 (60.9 – 241.3 mm) inches wide. Individual lumber planks are finger jointed with
structural adhesives to achieve the desired lengths (Karacabeyli and Brad 2013; EUROPEAN
COMMITTEE FOR STANDARDIZATION 2015).
In recent years, efforts have been made to introduce CLT in the North American market.
As a consequence of these efforts, the ANSI/APA PRG – 320 standard has been established,
which is approved by the American National Standards Institute (ANSI). Furthermore, CLT
standard has been incorporated into the National Design Specification which is further
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recognized by the International Building Code (International Code Council 2017). Thus, CLT is
a code-compliant building product that can be used for floor, wall and roof construction.
The cross-lamination assembly method provides several advantages. Strength and rigidity
of the panel make it an alternative option for concrete, steel and masonry structural components
in various building applications. It has better dimensional stability and lesser natural variations in
mechanical properties compared to solid sawn timber. Furthermore, cross lamination makes this
panel product a two-way bending system. From the manufacturing perspective, lower-grade
lumber is usually used for the cross layers which have a negligible influence on the out-of-plane
mechanical properties of full-size CLT panel in the major strength direction. Cross lamination
provides a higher capacity for certain metal connection systems, such as nails and screws (CLT
Handbook, 2013).
As one of the CLT construction methods, modular construction can be considered, which
enables an easy on-site assembly to form multi-story buildings thus improving project delivery
time and reducing costs (Karacabeyli and Brad 2013). This type of construction presents a low
environmental impact method of building compared to other mineral building materials
(Karacabeyli and Brad 2013). Furthermore, panels are relatively easy to cut, and they provide
good thermal and acoustic insulation. Moreover, well-coordinated CLT construction can be less
labor and service-intensive, which would provide an economical option for mid- and high-rise
buildings. Typically, CLT buildings can be designed and built using platform or balloon
construction methods. The platform method is commonly used for multi-story buildings, which
places horizontal diaphragms between vertical diaphragms. In the balloon method, vertical
diaphragms are assembled on top of each other while horizontal diaphragms are hanging off
from them. This method is usually used for low-rise and industrial buildings. Outer layers of
3

horizontal CLT diaphragms are oriented parallel to their major span, whereas outer layers
vertical CLT diaphragms are oriented parallel to the gravity (Karacabeyli and Brad 2013),
(American National Standards Institutes - ANSI/APA 2018).
One of the major disadvantages of CLT panels is the low transverse shear strength along
the radial/longitudinal and tangential/longitudinal plane of cross laminations. The characteristic
rolling shear strength values for CLT range from 101 – 160 psi (0.7 – 1.1 MPa). (EUROPEAN
COMMITTEE FOR STANDARDZATION 2015), (Li, Dong, and Lim 2019). When panels with
small span-to-depth ratio are subjected to out-of-plane loading, the fibers roll over each other
along the longitudinal planes. This failure mode is termed rolling shear and is one of the
mechanical properties of CLT which makes the product unique. Furthermore, the rolling shear
strength of the panel has a direct relationship with the width-to-thickness ratio of the laminations
(Li, Dong, and Lim 2019). Rolling shear is much more unpredictable compared to longitudinal
(also called horizontal) shear, which makes the structural design of the composite panels less
favorable (Li, Dong, and Lim 2019). Even though CLT presents, compared to mineral-based,
lightweight building material its weight is still considered to be significant. This characteristic
makes it difficult to be widely used in making construction for tall buildings. The weight of CLT
used for structural analysis is 32 lbs./ft3 (510 kg/m3) (KLH 2012). Moreover, one of the major
practical concerns is the susceptibility of CLT to decay and termite attacks.
The manufacturing process of the CLT panel includes lumber selection, kiln drying to a
moisture content of 12±3%, sorting, finger jointing, planing, application of the adhesive, panel
assembly and pressing. Lumber can be visually or mechanically graded. In practice, to obtain the
best possible strength, the constituent lumber is finger-jointed. Once pressed, the resultant panels
are trimmed to their final dimensions. In industry, the applied pressure for CLT panel
4

manufacturing is usually from 80 to 100 psi. Denser wood species and thicker laminations
require increased amounts of pressure. Some of the manufacturing parameters, such as the
bonding pressure, moisture content of the adherends and quantity of the applied resin are based
on the glulam production experience (CLT Handbook, 2013).
1.2

Research significance
This research aims to investigate the mechanical properties of a light-weight lumber-

based composite panel product developed by implementing an embedded cross-lamination
technique. This manufacturing technique implies embedding the inner-plies into the outer layers
at a specified repetitive spacing. The flexural performance of the proposed composite panel was
evaluated by conducting full- and short-span bending tests. Furthermore, their performance was
compared to the conventional CLT panels that have the same thickness as the proposed panel.
The significance of this research is to develop a construction element which can be
utilized for floor construction in mass-timber buildings where light-weight panels are needed.
This proposed panel product can also be utilized for other end applications, such as timber
bridges. From the manufacturing perspective, small-diameter trees can be utilized for producing
the thin cross-laminations. Also, with the computer numerical control (CNC) routing technology
developed for precise cutting, these types of panels can effectively be produced in practical
terms.
The working hypothesis is that the panel with embedded cross lamination will have
higher stiffness in the major strength direction compared to the conventional CLT panel. This is
due to the fact that the proposed panel has more longitudinal fibers in its overall volume, in
which direction the stiffness values are the highest. However, such lamination technique would
decrease the strength and stiffness of the wood composite panel in the minor strength direction
5

compared with the conventional cross-lamination technique. Therefore, the proposed panel is
likely to be used as a one-way bending system but can be turned into a two-way system if the
cross-laminations are to be engineered.
1.3

Research objectives
Objectives of this research were as follows:
1. Developing a lightweight lumber-based composite panel with embedded cross

laminations;
2. Comprising the flexural properties and performance of the proposed composite panel
against conventional CLT panels;
3. Evaluating the failure mechanisms of the proposed composite panels.
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CHAPTER II
LITERATURE REVIEW
To this date, there is no published data regarding mechanical behavior, nor manufacturing
specifications for a wood-composite material with embedded cross-laminations, which was
proposed to be investigated in this study. The most similar composite structure to the proposed
panel would be the CLT and ICLT panels. Moreover, certain similarities exist between the panel
with embedded cross-laminations and beams with holes in the web and castellated timber Ijoists. The failure mechanisms of these two construction elements are expected to be similar to
those of the panel with embedded cross-laminations. The main characteristic of construction
elements with holes is an abrupt change in the stress transfer path which is caused by the change
in their cross-section. (B. Y. Chen et al. 2013)
2.1

CLT
Flexural behavior of CLT panels is complex, and this complexity arises from the

orthogonality of the grain directions of the adjacent layers and the anisotropic nature of wood.
Furthermore, as noted in Chapter I, one of the main disadvantages of CLT is the low transverse
shear strength and stiffness in the radial/longitudinal (R/L) and tangential/longitudinal (T/L)
planes. The failure mechanisms in these planes is termed rolling shear, and it occurs in crosslaminations when individual fibers roll over each other along the longitudinal planes. Rolling
shear is the governing failure mode for short-span out-of-plane loading, and it should be taken
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into consideration when designing CLT panels for floor and wall construction system (He, Sun,
and Li 2018).
There are several analytical methods for determining the flexural properties of woodbased composite panels through using the experimental results. Furthermore, analytical methods
can be used as prediction methods for designing wood composite panels, as construction
elements, with different panel thicknesses and lamination layups. Three analytical methods are
adopted as standard design methods: Mechanically jointed beams theory (Gamma method)
(Blass and Fellmoser, 2004), Composite theory (K – method) (Eurocode 5 – EN, 2004) and the
Shear Analogy Method (Mestek, Kreuzinger, and Winter 2008) (Kreuzinger, 1995). The last
method is considered to be the most accurate (Blass and Fellmoser 2004) and is included in the
North American ANSI/APA PRG 320 standard and the German DIN 1052 standard. These
analytical methods have been validated with the experimental results (CLT Handbook, 2013;
ANSI/APA PRG 320, 2018).
The mechanical properties of CLT panels can be obtained from destructive tests, after
which the analysis of the test data are analyzed according to the above-mentioned methods.
According to PRG 320 (2018) and BS EN 16351 (2015) standards, the required span-to-depth
ratio of test specimens for determining bending properties should be 24-30:1, which makes the
influence of shear on the overall deflection of the panel negligible. Main purpose of this type of
testing is to determine the values of bending stiffness (EI) and modulus of rupture (MOR) of the
structural element. It should be noted that there are several experimental methods for
determining shear strength and stiffness of wood composite elements. ANSI/APA PRG 320
(2018) standard suggests a method of center point loading test method with a panel span-to-depth
ratio of 5-6:1, while BS EN 16351 standard provides a method of four-point loading with span8

to-depth ratio of 9 or 12:1, as well as a planar or two metal plate shear test (compression shear
test). As for the planar shear test method, the outer layers are bolted to the metal plates which are
vertically loaded at an angle of 14° so the shear force is induced along the diagonal planes of the
core layer.
Flexural properties of CLT panels have been investigated by several researchers.
(Hindman and Bouldin 2015), investigated bending strength and stiffness and shear strength of
southern yellow pine CLT according to the American standard (ASTM International 2010).
Third-point bending tests were implemented with a panel span-to-depth ratio of 27:1 for
determining bending strength and stiffness values. For determining shear strength and stiffness
values center point loading method was used, with a panel span-to-depth ratio of 7:1. Kim et al.
(2013) measured the shear strength of red pine CLT layers through compression loading,
following the European standard (BS EN, 2018). (He, Sun, and Li 2018) measured the bending
strength of Canadian hemlock CLT using four-point bending tests, according to the American
standard (ASTM D 198 – 15). Bending strength in the major and minor strength directions were
18.3 MPa (2,654 psi) and 14.4 MPa (2,088 psi), respectively. Bending stiffness for the same
specimens, in the major strength direction, was 6,851.4 MPa (994 ksi), whereas this value in the
minor strength direction was 4,893.9 MPa (710 ksi). (Buck et al. 2016) implemented a thirdpoint bending method to investigate the mechanical properties of five-layer CLT panels. The
panels had a span-to-depth ratio of 18:1 and both global and local deflections were measured.
2.1.1

CLT with different lamination thickness
There are several investigations regarding the mechanical properties of CLT panels with

different lamination thicknesses, concluding that the bending strength decreases with the
decreasing of the panel thickness.
9

Li et al. (Li, Dong, and Lim 2019) investigated rolling shear properties of Douglas fir and
Radiata pine CLT panels with a different width-to-thickness ratio of the laminations (4.1-9.8).
The three-ply CLT panel was constructed using three different lamination thicknesses, i.e. 20
mm, 35 mm and 45 mm. Short-span bending and modified planar shear tests were implemented.
The investigation concluded that the rolling shear strength increased as the width-to-thickness
ratio of the laminations reached to a value larger than 4.
Sikora et al. (Sikora, McPolin, and Harte 2016) tested CLT panels made of Irish grown
Sitka spruce to determine the panels’ bending and shear properties. The panel thicknesses were
60 mm (three-ply) with a layer thickness of 20 mm, 72 mm (three-ply) with a layer thickness of
24 mm, 100 mm (five-ply) with a layer thickness of 20 mm, and 120 mm (three-ply) with a layer
thickness of 40 mm. A four-point bending test method was implemented with a span-to-depth
ratio of 24:1 for determining bending strength and stiffness. Furthermore, both local and global
deflections were measured. The highest shear strength reported (2.07 N/mm2) was for thinnest
three-ply CLT panels with laminations having a width-to-thickness ratio higher than 4. The
lowest shear strength (1.03 n/mm2) reported was for the thickest CLT panels with laminations
having a width-to-thickness ratio lower than 4.
Similarly, O’Ceallaigh et al. (O’Ceallaigh, Sikora, and Harte 2018) investigated Irish
Sitka spruce CLT panels with the same panel thicknesses and configurations as Sikora et al
(2016). The panels had width of 584 mm (23 in.). A four-point bending test method was
conducted for determining both moment and shear properties of the specimens. For determining
moment strength and stiffness values, the panels were tested at a span-to-depth ratio of 24:1,
while for determining shear strength and stiffness values, tested panels had a span-to-depth ratio
of 12:1. A slightly higher average global modulus was observed for three-ply CLT with a 20 mm
10

layer thickness, compared to the three-ply CLT with a 40 mm layer thickness. Furthermore, both
bending and rolling shear strengths were increased by increasing the panel’s depth.
Christovasilis et al. (Christovasilis et al. 2016), studied bending properties of spruce CLT
panels by implementing the third-point bending method. The three-layer panels with a
lamination thickness of 19 mm and 44 mm were constructed. For the determination of moment
strength and stiffness, the panels were tested at a span-to-depth ratio of 24:1, whereas for the
determination of shear strength and stiffness panels were tested at a span-to-depth ratio of 9:1.
As expected, a significantly higher moment and shear failure loads were observed for the threeply CLT panels with thicker laminations compared to the ones with thinner laminations.
2.2

ICLT panels
Interlocking cross-laminated timber (ICLT) panel is a prefabricated solid wood panel

system, which can be used for wall, floor and roof building system. The main characteristic that
makes it apart from other wood composite materials is the absence of adhesive and fasteners in
its construction. This feature allows the panel to be disassembled at the end of its service life.
The panel is developed and assembled through dovetailed and tongue-and-groove joinery
methods, that require highly precise profiling and manufacturing. These dovetails provide all the
connections needed for developing the structural capacities of the panel. ICLT panels are
manufactured out of 2 – 7 alternating solid wood layers that are assembled like a puzzle. This
type of product was proved to be effective for utilizing beetle-killed and small-diameter trees
which are either left to decay or are harvested and used as a fuel source. (Smith 2011) (Sanders
2011)
Furthermore, this type of composite structure is found to be suitable for 3-9 story
residential and commercial building construction. ICLT achieved three times greater bending
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strength compared to conventional CLT panels. Compared to the light wood frame construction,
ICLT construction offers a greater magnitude of lateral resistance. Also, the position of the
dovetails, or cross-laminations, in the ICLT panels used for wall assemblies can be located in
different places depending on the door and window openings (Sanders 2011).
Because the light-frame wood buildings are restricted to 4-6 stories, per the building code
adopted in the U.S. the rationale for both CLT and ICLT panel development is the construction
of taller wood buildings. Furthermore, these types of building panels present durable and rigid
systems and meet the requirements for fire safety, which are major disadvantages of light-frame
wood structures. Light frame wood structures are non-rigid structures from the lateral resistance
perspective, which is especially manifested in taller structures (Christovasilis et al. 2016),
(Turner 2010)
2.3

Beams with holes in the web
In practice, there are several reasons for drilling holes in load-carrying wooden structural

elements (usually beams), such as fitting pipes for plumbing, heating, ventilation and airconditioning (HVAC) systems and electricity cables. These holes are usually drilled in the middepth of the beam, where the bending stresses are negligible. Nevertheless, these holes can be
drilled in the upper part of the beam, where the compressive stresses are formed. The presence of
holes has a negative influence on both strength and stiffness of these construction elements. This
negative impact is because of the reduction in cross-section which leads to the increased bending
stresses and concentration of shear stresses in the hole vicinity. Furthermore, this cross-sectional
reduction causes a poor transfer of shear stress throughout the length of the joist.
The wood I Joist Manufacturer Association (WIJMA) developed testing procedures for
determining shear capacities for prefabricated I-joists with holes in the web. Nevertheless, the
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lack of proper building codes and guidance for the design of these structural elements makes the
evaluation of their strength and stiffness properties extremely difficult (G. Chen et al. 2015)
(Islam, Shahnewaz, and Alam 2015) (Harte and Baylor 2011).
Several researchers investigated the major mechanical properties of different wood-based
construction beams with different shape, size, and a number of holes, concluding that both
strength and stiffness of these beams sharply decreased compared to similar beams without
holes.
Chen et al. (G. Chen et al. 2015) investigated the mechanical properties of I-joists with
holes in the web. The web was manufactured out of prefabricated 9.5 mm thick OSBs, whereas
the flanges were manufactured out of parallel strand bamboo (PSB). The joists contained either
one circular or rectangular hole at the mid-distance between the support and the loading head or
two circular or rectangular holes placed at one-third spacing between the support and the loading
head. Furthermore, the depths of the holes were 0.25, 0.5, 0.75 times the web height and equal to
the web height. Simply supported full-span joists were tested using the center-point loading
method (ASTM International 2010). As expected, the size of the hole presented a significant
negative impact in the overall strength and stiffness of the joist. A strength reduction percentage
of 8.7%, 26.7%, 39.1% and 56.3% for openings with diameters of 25%, 50%, 75% and 100% of
the web height, respectively, were reported. Moreover, joists with rectangular holes had a 10%
lower cracking load, compared to joists with circular holes and rectangular holes, with rounded
corners. The cracking load was defined as the load at which cracks start to form around the holes
which could be defined as the yielding point of the load/deflection curve. This strength reduction
was caused by a substantial stress concentration in the sharp corners of the hole, especially in the
upper right (closer to the loading head) and lower left (closer to the support) angles. The slope of
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the load/deflection curve in the elastic region was defined as the initial bending stiffness of the
member.
Islam M. S. et al. (Islam, Shahnewaz, and Alam 2015) studied the mechanical behavior of
timber I-joist with a notch in the upper flange. Similar to the previous study (Chen et. al., 2015),
the web was manufactured out of 9.5 mm thick OSBs, while the flanges were manufactured out
of softwood lumber. I-joists with a single rectangular notch cut in the top flange were subjected
to a four-point bending test. The beams had openings with two different dimensions that were
placed at three different locations in the joist (Table 2.1).
Table 2.1

Details of I-joists with notch in the upper flange (Islam, Shahnewaz, and Alam
2015)
Support span
[m]
3.66
3.66
3.66
3.66
6.1
6.1
6.1
6.1

Size of the
notch (b x d)
[mm]
100 x 100
100 x 100
100 x 100
100 x 150
100 x 100
100 x 100
100 x 100
100 x 150

Distance from
the support
[mm]
305
455
610
455
305
455
610
455

As expected, a significant reduction in both strength and stiffness compared to similar
beams without notch was reported. The highest decrease in bending strength was recorded for
beams that had a notch with dimensions of 100 x 100 mm placed at a distance of 605 mm from
the support (mid-span). The decrease in strength was 67% and 68% for beam lengths of 12 ft and
20 ft, respectively. For beams with a notch that was 305 mm from the support, the strength
decrease was 51% and 44% for beam lengths of 3.66 m and 6.1 m, respectively. The lowest
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strength decrease was recorded for beams with notch placed at a distance of 455 mm from the
support, i.e. 33% and 27%. For beams that contained notch with dimensions of 100 x150 mm
and that was placed at a distance of 455 mm from the support, the strength decrease was 64%
and 68% for beam length of 3.66 m and 6.1 m, respectively. As expected, removing more
material from the beam drastically reduced their shear stiffness. The crack for the beams with a
notch at the mid-span occurred in the middle of the notch width. Afterwards, the crack
propagated towards the tension zone, where the ultimate failure occurred. All other beams
formed initial cracks at the corners of the notch and the crack propagated towards the tension
zone as well. All of the beams failed in combined flexure and shear failure modes.
Similar to the previous study, in this investigation, the load/deflection curves were used
to evaluate and compare the stiffness values between the beams with and without a notch. The
ultimate bending capacities of the joists, Mu (N-m) were calculated using the following equation:

Mu =

Pmax
L/3
2

(2.1)

where:
Pmax – maximum failure load (unit); L – support span (unit).
Furthermore, since it was concluded that the location of the notch had a significant influence on
the overall strength, the ultimate moment at the notch location, MLe was calculated using the
following equation:

MLe =

Pmax
L
2 e

Where:
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(2.2)

Le – distance between the notch and support.
The moment strength of the joist was decreased as the distance of the notch from the
support was increased. Nevertheless, the shear capacity remained the same irrespective of the
notch location.
Afzal et al. (Afzal et al. 2006) investigated I-joists with two different depths that
contained either one or two circular or rectangular holes with three different sizes. I-joists were
subjected to center point bending shear tests. Joists with different depths and that had the same
opening-to-web ratio, achieved similar maximum failure load. Furthermore, square holes
reduced the strength more than circular holes of the same sizes.
Morrissey et al. (Morrissey, Dinehart, and Dunn 2009) tested commercial I-joists with
circular and rectangular openings of different dimensions. A presence of an opening led the
failure mode to change from tensile failure of a flange to shear failure of a web. As expected,
reduced failure load for joists with holes were reported. Nevertheless, the load-carrying
capacities were above the permissible design load for these structural elements.
Zhu et al. (Zhu et al. 2007) tested I-joists with circular and square openings in the web.
Initial cracks at the tension zones of the holes were observed, which afterwards propagated at an
angle of 45° to the beam axis. The ultimate failure occurred when the cracks reached the tension
flange. Similar to the previous studies, beams with rectangular holes exhibited bigger strength
reduction compared to the beams with circular holes.
Wang et al. (1995) examined the shear strength of timber I-joists with rectangular
openings of different dimensions. The I-joist had three different depths and a single hole in the
web. Three different failure modes were observed: tension failure at the hole’s corners, web
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buckling, and web-flange connection failure. The strength reduction for joists with holes was
reported as well.
2.3.2

Castellated timber joists
Harte A. M. (Harte and Baylor 2011) investigated bending and shear properties of

castellated timber I-joist. This construction element is the most similar to the wood composite
panel proposed in this study (Figure 2.1).

Figure 2.1

Castellated timber I-joist (Harte and Baylor 2011)

The webs were manufactured out of 11 mm thick OSB boards and the flanges were made
out of Norway spruce lumber. A hexagon (honeycomb) holes were cut in the web, which were
positioned on a certain repetitive spacing between them. The joists had overall depths of 241 mm
and 305 mm. Two distinct failure modes were observed, tension failure at the top and bottom
corners of the openings and shear failure in the spacings between adjacent openings. Most of the
failures occurred in the web unless the tension flange of the I-joist had significant defects.
Stiffness values for these beams were calculated by taking the inverse of the load/deflection
curve, using the following equation:

Δ
a
a
(3L2 − 4a2 ) +
=
W 48 EI
AW GW
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(2.3)

Where:
Δ – deflection; W – peak load; a – distance between the support and the loading head; L –
support span; EI – flexural rigidity of the section; Aw – area of the web and GW – shear modulus
of the web material. Here the second term presents Roark’s shear deflection approximation.
Furthermore, the experimental moment stiffness value was 1.2 times higher than the
theoretical stiffness value of similar I-joist without openings. The theoretical stiffness value was
calculated using the mean modulus of elasticity of the flange material which was measured with
Cook-Bolinder's machine grader. The average maximum moment failure load reported was
slightly higher than the same permissible value for I-joists without opening. However, the shear
values were lower because of the existing openings. Furthermore, the formula for calculating the
shear capacity of I-joist with a single rectangular opening in the web is:

D D
VRect = 0.5VFull section (1 − )( )
H W

(2.4)

Where:
VFull section - the shear capacity of I-joist without holes, D – the hole depth, H – joist depth
and W – the hole width.
This led to the final conclusion that the shear capacity of the castellated I-joist with depth
of 241 mm is higher than the corresponding design value for commercial I-joists with one
rectangular web opening by a factor of 2.39, whereas, for the castellated I-joist with depth of
305 mm, shear capacity was higher by a factor of 1.74.
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CHAPTER III
MATERIALS AND METHODS
This chapter provides detailed information regarding the materials used for panel
manufacturing, as well as of manufacturing parameters. Furthermore, it discusses the destructive
test methods implemented for determining the moment and shear properties of the construction
panels. Details of moment and shear property evaluation are included as well as comparison
methods of these properties between panels with embedded cross laminations and conventional
CLT panels with thin laminations.
3.1
3.1.1

Materials
Lumber
Visually graded No. 2 2x6 southern yellow pine (SYP) lumber with 10 ft length, were

obtained from the Shuqualak lumber company, which is located in Shuqualak, Mississippi, USA.
For manufacturing the test specimens, two lumber stacks, each consisting of 128 pieces, were
used. Prior to the panels manufacturing the lumber was stored in wood-composite manufacturing
laboratory of the Department of Sustainable Bioproducts, Mississippi State University (DSBMSU).
3.1.2

Moisture content and specific gravity of the SYP lumber
Moisture content (MC) and specific gravity (SG) were determined following the ASTM

D4442 (ASTM 2016) and ASTM D2395 – 17 (ASTM 2017) standards. MC and SG of all
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lumber used were measured, which made up a total of 168 specimens. All of the samples were
labeled according to which panel they belonged and whether they were cut from the outer or core
layer. The dimensions of each specimen were approximately 0.75 x 0.75 x 0.75 inches. After
they were cut, their weights were measured on a laboratory scale with a precision of 0.01 gram
and their dimensions were measured using a caliper with a precision of 0.01 mm. The test
specimens were then placed in an oven and dried for 24 hours at the temperature of 103±2°C
(Figure 3.1). Subsequently, the oven-dry weights and dimensions were measured. The MC’s
were calculated using the following equation:

MC =

mM − m0
· 100 [%]
m0

(3.1)

Where:
MC – moisture content of specimen, mM –mass of the specimen at a specific moisture
content, m0 – oven-dry mass,
The SG’s before and after drying were calculated using the following equations:

S0 =

m0
[g/cm3 ]
V0

(3.2)

SB =

m0
[g/cm3 ]
Vi

(3.3)

And;

Where:
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S0 – oven-dry specific gravity, SB – basic specific gravity, V0 – oven-dry volume of the
test specimen and Vi – volume of the specimen at an initial moisture content (prior drying).

Figure 3.1

Drying the specimens for determining specific gravity and moisture content of the
lumber

The moisture content and specific gravity results of the lumber used for panel
manufacturing are presented in table 3.1. As it can be noted, a lower moisture content of the
lumber was measured than the standard requires which is 12 ± 3%. The average oven-dry and
initial specific gravity of the lumber are similar. The coefficient of variation of all three physical
properties of lumber are low.
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Table 3.1

Moisture content and specific gravity test results

Number of
samples
Mean
Maximum
Minimum
Coefficient of
variation [%]

3.1.3

Moisture content
[%]

Oven-dry
specific gravity
[g/cm3]

Specific gravity
at initial
moisture content
[g/cm3]

168

168

168

8.39
9.22
7.7

0.49
0.56
0.45

0.47
0.54
0.43

6.3

6.07

6.03

Adhesive
For the purpose of this study, a fast curing one-component polyurethane was used (1-C

PUR) (LOCTITE® HB X102 PURBOND), which was supplied by Henkel corporation. 1-C PUR
is a single component adhesive that cures by moisture absorption. It was used along with a
primer (LOCTITE® PR3105 PURBOND), which was mixed with tap water (1:9 parts by
volume) and applied on the bonding surfaces at a spread rate of 20 g/m2 by spraying. The
function of the primer is to facilitate adhesive penetration into the wood and thus improve the
bonding performance of the adherends. The recommended spread rate of the adhesive according
to the manufacturer specification is between 150 – 200 g/m2, and a rate of 170 g/m2 (35 lbs. per
1000 square feet) was adopted in this study.
3.2

Wood composite panels with embedded cross-laminations
The middle layer planks, of the panels with embedded cross-laminations, were cut into

and oriented perpendicular to the outer layer lumber and they were placed on a specified
repetitive spacing along the panel’s length (Figures 3.2 and 3.3). The length of the outer layer
lumber (face ply), which represents the major strength direction of the composite panel, was
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determined to be 6.5 feet. Face ply lumber was of full length, that is, it was not finger-jointed or
otherwise end-jointed. For manufacturing a single panel, six pieces of lumber as outer layers
were used: three for each face. Two of the planks that were going into the face ply had 1.375 in.
depth and 5 in. width and four of them had 1.375 in. depth and 3.5 in. width. These crosssectional widths of the lumber were chosen to achieve the panels’ overall width of 12 in. The
dimensions of cross-laminations were 1 in. x 5 in. x 12 in. (depth x width x length). The depth of
the cross-laminations of 1 inch was chosen so that the rectangular grooves in the face ply, where
the cross-laminations were fitted, would not be too deep. The final dimensions of the single fullspan panel were 2.75 in. x 12 in. x 78 in (depth x width x length). The short-span panels had
dimensions of 2.75 in. x 12 in. x 33 in. (depth x width x length) (Figures 3.2 and 3.3). Six pieces
of lumber were used for manufacturing one full-span panel with embedded cross-laminations,
and six pieces of lumber were used for manufacturing two short-span panels.
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Figure 3.2

a) Appearance of the full-span panel with embedded cross-laminations; b) Top
view of the full-span panel; c) Dimensions of the full-span panel
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Figure 3.3

a) Appearance of the short-span panel; b) Dimensions of the short-span panel; c)
Top view of the short-span panel

The edge-to-edge distance between the cross-laminations was set to be 8 inches. This
distance allows the laminations aligned along the strong axis to have the total width of 4 inches
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when the panel is subjected to bending test in the minor direction. For example, a minor direction
bending test specimen can have two 2-inch wide laminations as shown in figure 3.4.

Figure 3.4

3.3

a) Example of the geometry of the full-span panel with embedded crosslaminations for testing mechanical properties in the minor strength direction; b)
Example of the cross-sectional dimensions of the panel with embedded crosslaminations for determining mechanical properties in the minor strength direction

Conventional CLT panels with thin laminations
Besides the panels with embedded cross-laminations, a conventional three-ply cross-

laminated timber (CLT) panels with thin laminations were decided to be manufactured which
had the same panel thickness as the ones with embedded cross-laminations (Figure 3.5). The
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thickness of the individual layers was set to be 0.92 in. which yielded a three-ply CLT panel with
an overall thickness of 2.75 in. The length and width of the short- and full-span CLT specimens
with thin laminations were the same as the ones with the embedded cross-laminations.
Furthermore, the manufacturing parameters of these panels were the same as those with the
embedded cross laminations and are described in the following section. For manufacturing one
full-span CLT panel with thin laminations, eight pieces of lumber were used, whereas for
manufacturing two short-span CLT panels, six pieces of lumber were used.

Figure 3.5

3.4

a) Geometry of the full-span CLT panel with thin laminations; b) Dimensions of
the full-span CLT panel

Manufacturing parameters
Lumber was firstly visually inspected in order to discard pieces with warps, such as bow,

crock, and especially twist. This is because it was observed, during the manufacturing of the
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mock-test specimens, that these defects have a considerable influence on the final quality of the
panel. Individual planks were firstly planed by 1/16 of an inch on both faces to activate the
bonding surfaces and to achieve the desired thickness of the outer laminations of 1.375 in.
Afterward, the face-ply lumber were cut to the exact final lengths using radial arm saw and
ripped to the exact final widths using a table saw. Similarly, the cross laminations were planed
and cut to the exact final dimensions.

Figure 3.6

Cutting set-up on the CNC routing machine
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The rectangular grooves were afterward cut on the inner sides of the face laminations at
an edge-to-edge distance of 8 in. using a Computer Numerical Control (CNC) routing machine
(Figures 3.6 and 3.8). In order to make these cuts with the maximum precision, a wooden frame
was installed on the working platform of the CNC machine. The individual face layer plank was
placed within this frame and was fastened to the working platform with hardwood bars with bolts
on one side, and with clamps on the other side. Once the lumber was tightly fastened, the
rectangular groove was cut. In order to make the cut as fast as possible, a cleaning bottom with a
1-1/4 inch cutting diameter drilling bit was used. The 0.5. x 5 in. (depth x length) grooves were
cut in two passes on both 3.5 in. and 5 in. wide laminations. A 1/4-inch deep groove was cut in
the first pass, then the grooves were cut for another 1/4-inch deep to achieve the desired depth of
1/2-inch. The cutting order is shown in figure 3.7. The first rectangular groove in the face ply
was cut. Then the CNC machine was paused, and it was moved for 13 inches lengthwise away
from the frame of the working platform for the next rectangular groove. Similarly, the third cut
was made. Once the third rectangular groove was cut, the face ply was flipped, and the other side
was fitted into the wooden frame to cut the remaining three rectangular grooves in it.

Figure 3.7

Order of cutting the rectangular grooves in the face-ply
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Figure 3.8

Cutting the rectangular grooves in the outer layer laminations

For manufacturing the conventional CLT panels with thin laminations, all of the lumber
was firstly planed to the desired thickness of 0.92 in., which finally yielded a CLT panel with an
overall thickness of 2.75 in. Afterward, the face laminations of the full-span panels were cut to
the final length of 78 in. with a radial arm saw and ripped to the final widths of 3.5 in. and 5 in.
with a table saw. Similarly, the face plies of the short-span panels were cut to the final lengths of
33 in. and ripped to the final widths of 3.5 in. and 5 in. The core layer laminations had final
dimensions of 0.92 in. x 5 in. x 12 in. (depth x width x length).
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Figure 3.9

Pressing the panel

The manufacturing steps for panels with embedded cross-laminations were as follows:
1. After all of the final cuts were completed, the primer (LOCTITE® PR3105
PURBOND) solution was prepared in a concentration of 10% by mixing with tap
water (9 parts by volume of water and 1 part by volume of primer). Primer was
applied in a form of mist on the bonding surfaces of the outer layers and on both face
sides of the cross laminations. According to the manufacturer's specification, the
spread rate of the primer was 20g/m2. The applied primer was left for a minimum of
10 minutes to activate the bonding surfaces.
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2. Afterward, the 1-C PUR adhesive was applied on a single side at a spread rate of 170
g/m2 (35 lbs./1000 ft2). The applied adhesive was spread evenly across the bonding
surfaces with a putty knife.
3. The cross-laminations were placed in the rectangular grooves and fitted in with a
rubber mallet.
4. The adhesive was applied on the top surface of the cross laminations, and the upper
outer layer laminations were fitted to form the final panel.
5. After the panel was side clamped, five metal panels (H-beam shaped) were placed on
the top of the panel so that the pressure applied with a piston on the panel would be
uniformly distributed. Afterward, a force of 12 metric tons was applied on the panel
by the five hydraulic press units simultaneously. This force was calculated to provide
the desired manufacturing pressure of 120 psi (Figure 3.9).
6. The force has been relaxed after approximately one hour and the panels were stored
indoor until testing.
In total, 45 panels were manufactured: 11 short- and 12 full-span panels with embedded
cross-laminations, and 12 short- and 10 full-span conventional CLT panels with thin laminations.
All of the panels were destructively tested at the Department of Sustainable Bioproducts as
described in the following section.
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3.5

Bending test set-up
Both full- and short-span panels were tested using four-point bending tests, following

ANSI/APA PRG 320 (2018) and BS – EN 16351 (2015) standards as guidelines. Samples were
tested on a SATEK universal testing machine until failure. The load was applied along the width
of the panels using rounded steel loading heads. Prior to the actual static bending test was
performed, the linear variable differential transformers (LVDT) were placed at their positions
and a preload was applied on each panel. This preload removes the slack from the loading heads
which can cause inaccurate and inconsistent results, while it stabilizes the specimen before the
actual test begins.
3.5.1

Bending moment test set-up (BS EN 16352 – 2015)
As noted in section 2.2, according to the European standard (BS EN 16352 – 2015) the

span-to-depth ratio of the full span panels should be between 24-30:1. In this study, the testing
span was 72.5 inches, which makes the span-to-depth ratio of 26.4:1. This span allowed
overhangs of 2.75 in. from both specimen ends, which is equal to the panel’s depth. The loading
span was set to be 35 in., whereas the shear-free span (distance between the LVDT positioned at
location A and the LVDT positioned at location C) was 33 in. Full-span specimens of both the
CLT and the panels with embedded cross-laminations were preloaded up to 150 lbs.
Furthermore, during the actual static bending tests, the load was applied at a constant rate of
displacement which was adjusted so that the failure load would be achieved in a maximum of 10
minutes. For the full-span panels, the loading rate was initially 5 mm/min, and it was increased
to 5.5 mm/min after it was observed that the first tested panel failed in more than 11 minutes.
The panels were simply supported, as can be seen in figures 3.11, 3.12 and 3.14. Figure 3.10
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presents a schematic view of the full-span test set-up with locations at which the deflections were
measured.

Figure 3.10

Schematic presentation of the full-span test set-up with locations at which the
deflections were measured

Furthermore, bending tests were carried out in two stages. Initially, the specimens were
loaded up to 40% of the estimated failure load, which was estimated to be 3,000 lbs. for full-span
panels with embedded cross-laminations. This estimated maximum failure load was calculated
according to the Euler-Bernoulli simple beam theory. The procedure for calculating the
estimated maximum failure load is described in section 3.5.3. Nevertheless, after it was
determined that the failure loads are higher than 10,000 lbs., the deflection was measured up to
4,500 lbs. After this load was achieved the bending machine was paused and the LVDT’s were
moved from their positions to prevent their damage. Then the bending test was continued until
the failure of the panel (Figure 3.12).
Flexural properties of conventional CLT panels with thin laminations were determined
using the same full-span bending test method. The deflection for full-span CLT panels with thin
laminations was measured up to 3,000 lbs. This estimated value was calculated according to the
shear analogy method, and is described in section 3.5.4.
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Figure 3.11

Full-span bending test set-up

Figure 3.12

Flexure test after removal of the deflectometers
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3.5.2

Bending shear test set-up (BS EN 16352 – 2015)
Bending shear test setups were implemented to evaluate shear properties of the wood

composite specimens since these test setups are closer to real-life loading situations.
Furthermore, it was decided to use the European standard (EUROPEAN COMMITTEE FOR
STANDARDZATION 2015) since it requires a bigger span-to-depth ratio compared to the
American standard (ASTM International 2010). This bigger span-to-depth ratio allowed testing
short-span panels that contained more than one cross-lamination in their construction, in this
case, three.
According to the European standard (BS EN 16352 – 2015), the required span-to-depth
ratio for the short span panels should be either 9:1 or 12:1, and the panels are subjected to fourpoint bending. If the testing data are used for determining rolling shear strength only, the panel’s
span-to-depth ratio of 9 is recommended, whereas if both rolling shear strength and modulus are
to be determined, the recommended panel’s span-to-depth ratio is 12:1. Since it was decided to
investigate both shear strength and modulus, the length of the short-span panels was 33 inches
which makes the span-to-depth ratio of 12:1. Because the standard requires that short-span
panels have a slight overhang, the testing span was set to be 32 inches which allowed an
overhang over the supports of 0.5 inches on both sides of the panel. The loading span for these
panels was 16 in., while the shear-free span was 14 in. (Figure 3.13). Short-span panels of both
configurations were preloaded up to 200 lbs., and for these panels, the loading rate was 2
mm/min. Similar to the full-span panels, these panels were simply supported. For the short-span
CLT panels, the deflection was measured up to 5,000 lbs. (26.69 kN). After it was determined
that the failure load for the first two tested panels is around 16,000 lbs. the deflection was
measured up to 6,000 lbs.
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The deflection for short-span panels with embedded cross-laminations was measured up
to the load of 7,000 lb. (32.14 kN). These estimated failure load values were calculated using the
same methods and input data as for the full-span panels. After this load was reached, the testing
machine was paused, the LVDT’s were removed and the bending test was continued until the
failure of the panel. The maximum failure loads for all panels that were tested were recorded as
well.
The deflection was measured at five separate locations along the neutral axis of each
tested panel (Figures 3.13 and 3.14). One deflectometer was placed at mid-span of the panel, two
deflectometers were placed at a one-inch distance from the loading heads within the loading span
to form the shear-free span. Two of the deflectometers were placed within the shear zone of the
panel, which is between one loading head and the support. The LVDT’s in the shear zone were
installed to measure the specimens bending curvature. Furthermore, this information will be used
to validate a computer structural model that will be developed in the future as an extension of
this study.

Figure 3.13

Schematic presentation of the short-span test set-up with locations at which the
deflections were measured
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Figure 3.14

Short-span bending test set-up
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3.5.3

Calculations of estimated failure load for panels with embedded cross-laminations
according to the Euler-Bernoulli beam theory
The main assumption of this theory is that the cross-sectional planes of a beam remains

perpendicular to the neutral axis during bending. In another words the shear deformation of a
bending member is neglected. Furthermore, the theory takes into consideration the type of
material, the way the beam deforms, geometry of the beams cross-section and the internal
equilibrium of the beam. Given all this, the maximum bending moment of the beam is:

Mmax =

Fb
Sx

(3.4)

Where;
Mmax – maximum bending moment, Fb – maximum bending strength, Sx – section
modulus, which is equal to Moment of Inertia divided by the half of the beam’s depth.
The maximum bending moment was calculated using the maximum bending strength of
the lumber from previous research. (Dahlen et al. 2014) reported average maximum bending
strength values for 2 x 6 grade #2 SYP lumber of 31.4 MPa (4,554 psi), which was used in these
calculations.
Once the maximum bending moment is known, the estimated maximum failure load can
be calculated as follows:

Mmax =
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Fb
Sx

(3.5)

Where a is the distance from the loading head to the support. Since this was a two-point
bending test, the calculated Fmax was multiplied by two to get the final estimated maximum
failure load.

Figure 3.15

Shear (V) and moment (M) diagram of a simply supported beam; Vmax – region
in the beam where maximum shear stress occurs and Mmax – region in the beam
where maximum bending stress occurs

Calculated predicted failure load full-span panels with embedded cross-laminations is
Fmax = 7,356 lbs., while for the short-span panels it is Fmax = 17,242 lbs. These calculations were
performed in order to calculate the approximate load at the yielding point of the panels, which is
equal to 40% of the maximum failure load.
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3.5.4

Calculations of the effective (EI)eff and apparent (EI)app bending stiffness of the
CLT panels with thin laminations according to the shear analogy method
The shear analogy method, introduced by (Kreuzinger 1995), is a CLT design method

which is considered to be the most accurate (Blass and Fellmoser 2004) for calculating effective
bending stiffness (EI)eff and effective shear stiffness (GA)eff of CLT panels. The reason for
introducing this method is the orthotropic nature of wood and orthogonal assembly of the CLT
panels which leads to incongruity in mechanical properties of the laminations that are parallel
and perpendicular to the major strength direction. The main assumption is that, conversely to the
glue-laminated timber, the cross-sections of CLT layers does not remain perpendicular to the
neutral axis under out-of-plane bending loads. This is especially the case for short-span panels
subjected to bending loads, considering that in this case, the shear deflection has a significant
contribution to the overall deflection of the panel. This is the main reason for introducing the
shear analogy method which can more accurately estimate the mechanical properties of CLT
panels.
The method assumes a layered wood-composite product as a virtual system which is
composed of two beams (Beam A and Beam B) connected with infinitely rigid web members
(Figure 3.16). Beam A refers to the internal flexural stiffness of each lamina and is assumed to
have infinite shear stiffness along its centroid. Beam B refers to the combined bending stiffness
of each lamina in the system and has a finite shear stiffness which is based on the distances of
their neutral axis to the neutral axis of the composite.
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Figure 3.16

Virtual beam for shear analogy method

The shear stiffness of Beam A (SA), and Beam B (SB) are:

1
=∞
SA

n−1

(3.6)

n−1

1
1
1
h1
hi
hn
= 2 {∑ +
+∑
+
}
SB
a
ci 2G1 × b1
Gi × bi 2Gn × bn
i=1

(3.7)

i=2

Where;
Gi – the shear modulus of the i-th layer; a – the distance between the centroids of two
outmost layers; bi – the width of i-th layer; ci – flexible connections between i-th and (i+1)-th
layer.
Under the assumption that Beam A has an infinite shear stiffness, and that the
connections between the layers are ideally rigid, the shear stiffness of the entire composite
system becomes:
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S = SB =

a2
h1
hi
hn
+ ∑n−1
i=2 G × b + 2G × b
2G1 × b1
i
i
n
n

(3.8)

Furthermore, the bending stiffness of Beam A and Beam B are then:

n

hi 3
BA = ∑ Ei · bi ·
12

(3.9)

i=1

n

BB = ∑ Ei · Ai · zi 2

(3.10)

i=1

Where;
Ei – modulus of elasticity of the i-th layer; hi – thickness of i-th layer; Ai – cross-section
area of i-th layer; zi – distance between the centroid of i-th layer to the neutral axis of the
composite system.
In these equations, E0 parallel to the grain is referring to the laminations in the major
strength direction, whereas E90 (MOE) perpendicular to the grain is for core layer, or laminations
in the minor strength direction, and is equal to E0/30. Similarly, the shear modulus for the
longitudinal laminations is assumed to be G, whereas for core laminations GR is referring to
rolling shear (core layer laminations) and is equal to G/10.
The effective bending stiffness (EIeff) of the entire composite system is equal to the
stiffness of Beam A and Beam B and can be calculated using equation 3.17:
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EIeff = BA + BB
n

EIeff

n

h3i
= ∑ Ei · bi ·
+ ∑ Ei · Ai · zi2
12
i=1

3.5.5

(3.11)

(3.12)

i=1

Calculations of estimated maximum failure load for CLT panels according to
shear analogy method
For calculating the estimated maximum failure loads according to the shear analogy

method, the simplified method was used. According to this method, the effective section
modulus (Seff) of CLT panel is calculated using the following equation:

Seff =

2 · EIeff
E·h

(3.13)

Where:
E – modulus of elasticity of SYP lumber, EIeff – effective bending stiffness of CLT panel
and h – total thickness of the panel.

Furthermore, the characteristic bending strength (Fb,eff) is equal to:

Fb,eff =

Fb · Seff
d
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(3.14)

Where:
Fb – maximum bending strength of SYP lumber and d – total thickness of the panel.
Similar to the calculations of estimated values according to the simple beam theory, the
values of maximum bending strength and MOE of SYP lumber from previous research were
used. Tripathi et. al. (2019), studied MOE of SYP 2 x 6 of grade #2 laminations by nondestructive four-point bending test and calculated the mean value of 1.1 x 106 psi, which was
used in these calculations. Furthermore, the maximum bending strength value of 4,554 psi
(Dahlen et al. 2014) was used.
Calculated maximum failure load for full-span CLT panels is Fmax = 7,171 lbs., whereas
for the short-span panels it is Fmax = 16,807 lbs. Similar to the panels with embedded crosslaminations, these maximum loads were used to calculate the estimated load at yielding point.
3.6

Structural performance evaluation
The manufacturing technique of embedding the cross-laminations into the face-ply results

changes in the composition of the cross-section of the panel along its length. These changes in
the cross-section cause changes in the stress transfer paths and stress concentration when the
panel is subjected to out-of-plane bending forces. Given all this, classic mechanical theories such
as the Euler-Bernoulli beam and Kirchhoff-Love plate theory would not be suitable for accurate
calculations of bending and shear strength and stiffness of the proposed composite panel.
Instead, structural performance evaluation was conducted simply by comparing the average
maximum failure loads and shear-free deflections of the two composite systems that were tested.
Higher average maximum failure load indicated higher strength properties, whereas, lower
average shear-free deflection value at the same load indicated higher stiffness properties of the
composite system.
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Furthermore, it was decided to calculate the effective (EIeff) and apparent (EIapp) bending
stiffness of the CLT and panels with embedded cross-laminations according to American
standard (ASTM International 2010). These mechanical properties were calculated for short-span
panels as well, and are considered as approximations.
3.6.1

Calculations of effective (EIeff) and apparent (EIapp) bending stiffness of the CLT
and panels with embedded cross-laminations using the central deflection method
according to American standard (ASTM International 2010)
According to the American standard (ASTM International 2010), the shear-free modulus

of elasticity for static bending testis of lumber (Esf) is equal to:

3 · P · a · l2sf
Esf =
4 · bd3 · Δsf

(3.15)

Where:
P – applied load, a – distance between the support and the loading head, lsf – sear-free
span, b – width of the panel, d – depth of the panel and Δsf – shear-free deflection.
The effective shear-free bending stiffness (EIsf)eff is calculated by multiplying the above
equation with the moment of inertia of the panel and solving for EI, which finally gives:

EIsf,eff =

P · a · l2sf
16 · Δsf
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[psi]

(3.16)

Furthermore, the apparent or global (Eapp) modulus of elasticity of a bending member
according to American standard (ASTM International 2010) is equal to:

Eapp

Pa · (3l2 − 4a2 )
=
4 · bd3 · Δ

(3.17)

By multiplying the above equation with the moment of inertia, and solving for (EIapp)eff,
the effective apparent bending stiffness (EIapp)eff becomes:

EIapp,eff

Pa · (3l2 − 4a2 )
=
48 · Δ

(3.18)

Here l is the support span.
3.7

Statistical design (Main comparison technique)
A one-way analysis of variance (ANOVA) was used, which is the most common method

for determining whether there are any statistically significant differences between the mean of
two or more independent (unrelated) groups. The main concept was to determine how far apart
the sample means are relative to the variability of individual samples within the same group.
Statistical analysis was performed using Statistical Analysis System software (SAS version 9.4,
SAS Institute, Cary, NC). Maximum failure loads, global and shear-free deflections of short- and
full-span panels with different configurations were compared. In order to determine whether
there are significant statistical differences between the mean of two groups, a post hoc Fisher-test
was performed at a 5% (p≤ 0.05) significance level. Furthermore, the same calculations were
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performed in Excel software in order to compare these results with the ones obtained using the
SAS software.

48

CHAPTER IV
RESULTS AND DISCUSSION
This chapter summarizes the results of the destructive four-point bending tests in detail,
results of the calculated effective shear-free (EIsf,eff) and apparent (EIapp,eff) bending stiffness as
well as the statistical analysis of the destructive test data. Furthermore, the failure modes are
discussed in detail.
4.1
4.1.1

Mechanical properties of the full-span CLT and wood composite panel with
embedded cross- laminations
Panels with embedded cross-laminations
The maximum failure loads, global and shear-free deflections of all full-span panels are

summarized in table 4.1. Out of 12 tested panels with embedded cross-laminations, four were
excluded from further analysis because of their poor performance and delamination failure
modes that occurred during testing. These failure modes were caused by severe manufacturing
defects while constructing them. The calculated average maximum failure load for full-span
panels is 10,284.8 lbs., while the maximum and minimum failure loads recorded were 12,680
lbs. and 7,095 lbs., respectively.
The presented deflections for full-span panels with embedded cross-laminations are the
ones recorded at 3,000 lb., even though the deflections for these panels were measured up to the
load of 4,500 lb. This was done for the comparison purpose since the deflections for full-span
CLT panels were recorded up to the load of 3,000 lb. The calculated approximation load at
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yielding point for panels with embedded cross-laminations was 3,000 lbs., nevertheless after it
was observed that maximum failure load for these panels exceeds 10,000 lbs. it was decided to
measure their deflection up to the load of 4,500 lbs.
The load-deflection curves in the elastic region for all of the full-span panels with
embedded cross-laminations are presented in figure 4.1. Highlighted curves represent the
average values of global and shear-free deflections for the analyzed panels. Figure 4.2 represents
the load-extension curves of all the tested panels. It can be observed from the load-extension
curves that only two panels failed in a highly brittle manner, while the rest of the panels failed in
a rather ductile manner. As can be noted from table 4.1, the coefficients of variation for all three
properties of these panels are low.
Table 4.1

Full-span panels with embedded cross-laminations bending test results

Maximum failure
Global deflection
Shear-free deflection
load (lbs.)
[in.]
[in.]
F-E-1
10,104
0.529
0.106
F-E-2
10,598
0.600
0.115
F-E-3
12,680
0.518
0.110
F-E-4
9,950
0.558
0.124
F-E-5
11,171
0.561
0.112
F-E-6
7,095
0.719
0.121
F-E-7
10,153
0.473
0.095
F-E-8
10,527
0.561
0.122
Mean
10,284 (15.2)
0.565 (12.8)
0.113 (8.5)
In parenthesis, the values of the Coefficient of Variations are presented [%]
Specimen number
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Wood-composite panels with embedded crosslamiantions
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Figure 4.1

Load-deflection curves for full-span panels with embedded cross-laminations
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13000
12000
11000
10000

Load (lbf.)

9000
8000
7000
6000
5000
4000
3000
2000
1000

0
0

Figure 4.2

0.5

1

1.5

2

Extension (in.)

2.5

3

3.5

Load-extension curves for full-span panels with embedded cross-laminations
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4.1.1.2

Failure modes
Several distinct types of failure modes occurred during destructive bending tests of full-

span panels with embedded cross-laminations. Characteristic failure modes for these panels are
summarized in figure 4.3. It can be seen from these figures that panels with embedded crosslaminations exhibited higher variation in failure modes compared to the conventional CLT
panels. This is due to the stress concentration in the contacts of the cross-laminations and the
outer layer laminations.
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Figure 4.3

Failure modes of the full-span panels with embedded cross-laminations

a) and b) bending failure mode in the tension zone; c) combination of rolling and longitudinal
shear and bending failure modes; d) longitudinal shear failure mode; e) compression failure
mode; f) initiation of the rolling shear crack perpendicular to the grain.
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The dominant failure mode for full-span panels was in the tension zone, nevertheless, all
of them exhibited, to a greater or lesser extent, the rolling and longitudinal shear and
compression failure modes. In figure 4.3. a) a highly brittle tension failure mode of the panel can
be observed. Two of all the tested panels failed in this manner, one of which failed at the lowest
maximum load. The second one failed at a load that was slightly above the average failure load
for all the tested panels. As can be seen in figure 4.3 d) the stress concentration occurs in the
upper left and lower right contacts of the cross-laminations and outer layers for cross-laminations
that are located between the support and a loading head. For cross-laminations that are located
between the two loading heads, the stress concentration occurs in the upper corners of the crosslaminations that are in the contact with outer layers (Figure 4.3 c). In figure 4.3 f) the initiation
of the rolling shear crack can be observed. This failure mode was observed for all of the tested
full-span panels, regardless of the location of the cross-lamination within the panel.
4.1.2

CLT panels with thin laminations
Maximum failure loads, global and shear-free deflections of all CLT panels are

summarized in table 4.2. As expected, all of the 10 tested panels failed in the tension zone due to
moment stresses and were included in the final data analysis. Furthermore, full-span panels with
thin laminations exhibited a relatively consistent maximum failure loads and deflections. The
average maximum failure load recorded for full-span panels is 9,582 lbs., while the maximum
and minimum failure loads recorded were 10,784 lbs. and 8,083 lbs., respectively. The
coefficient of variation values for these panels are low, as well.
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Table 4.2

Full-span CLT panels with thin laminations bending test results

Maximum failure
Global deflection
Shear-free deflection
load (lbs.)
[in.]
[in.]
F-T-1
9,782
0.635
0.151
F-T-2
9,913
0.588
0.123
F-T-3
8,083
0.643
0.081
F-T-4
10,094
0.602
0.124
F-T-5
9,311
0.621
0.134
F-T-6
10,031
0.585
0.106
F-T-7
9,628
0.564
0.105
F-T-8
10,784
0.554
0.174
F-T-9
8,956
0.718
0.160
F-T-10
9,239
0.575
0.118
Mean
9,582 (7.7)
0.609 (7.9)
0.128 (21.9)
In parenthesis, the values of the Coefficient of Variations are presented [%]
Specimen number

The load-deflection curves in the elastic region for all the full-span CLT panels with thin
laminations are presented in figure 4.4. Highlighted curves represent the average values of global
and shear-free deflections. Figure 4.5 represents the load-extension curves of all the CLT panels
that were tested. It can be observed from the load-extension curves that eight panels failed in a
rather brittle manner, conversely to the full-span panels with embedded cross-laminations.
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CLT panels with thin laminations
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Figure 4.4

Load-deflection curves for full-span CLT panels with thin laminations
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Load-extension curves for full-span CLT panels with thin laminations
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3.5

4.1.2.2

Failure modes
The dominant failure mode, for full-span CLT panels with thin laminations, was in

tension zone which was caused by bending moments. Nevertheless, both longitudinal and rolling
shear failure modes were observed during testing. These shear failure modes occurred after the
panels showed significant deformations caused by bending stresses. Figure 4.6 a) depicts a
typical bending failure mode in the tension region. In figure 4.7 b) longitudinal shear failure
mode can be observed, which occurred after severe damage in the tension zone of the panel. A
failure in the tension zone caused additional stress to the core layer, which further caused stress
concentration in the contacts of the upper corners of the cross-lamination. In figures 4.7 c) and d)
rolling shear parallel and perpendicular to the grain can be observed, which also occurred after a
significant failure in the tension zone and was followed by a load drop of the load-deflection
curve.
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Figure 4.6

Failure modes for full-span CLT panels with thin laminations

a) tension failure due to bending; b) combination and longitudinal shear and tension failure
mode; c) combination of tension and rolling shear failure mode; d) rolling shear parallel
and perpendicular to the grain.

4.1.2.3

Calculations of effective shear-free (EIsf,eff) and apparent (EIapp,eff) bending
stiffness for full-span panels according to the American standard (ASTM D 198
– 15)
The summary of the effective (EIsf,eff) and apparent (EIapp,eff) bending stiffness of all the

full-span panels are presented in table 4.3 and 4.4. According to these calculations, panels with
embedded cross-laminations exhibited higher both shear-free and apparent bending stiffness
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properties compared to the CLT panels. Nevertheless, the calculated stiffness values should be
taken with caution, given that they represent rough estimates for both configurations.
Table 4.3

Shear-free (EIsf,eff) and apparent (EIapp,eff) bending stiffness of the full-span panels
with embedded cross-laminations
Specimen
number
1
2
3
4
5
7
8
10
Mean
Coefficient
of Variation

Table 4.4

34.1
31.3

31.1
27.2

Ratio
[EIsf/EIapp]
1.09
1.15

34.2
29.9
33.0
23.6
34.0
32.8
31.3

31.6
28.6
29.1
24.3
33.4
29.2
29.3

1.08
1.05
1.14
0.97
1.02
1.12
1.08

11.87%

10.15%

6.18%

EIsf,eff [x 106 psi] EIapp,eff [x 106 psi]

Shear-free (EIsf,eff) and apparent (EIapp,eff) bending stiffness of the full-span CLT
panels
Specimen
number
1
2
3
4
5
6
7
8
9
10
Avg.
Coefficient of
Variation

EIsf,eff [x 106 psi]

EIapp,eff [x 106 psi]

25.6
26.8
25.3
24.2
22.9
35.6
17.5
26.7
19.9
28.0
25.3

25.5
27.2
25.9
26.6
25.7
27.4
28.8
28.8
22.1
28.1
26.6

Ratio
[EIsf/EIapp]
1.01
0.97
0.98
0.91
0.89
1.30
0.61
0.93
0.90
1.00
0.94

21.94%

8.23%

20.02%
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4.1.3

Statistical analysis
As was mentioned in section 3.9 a one-way ANOVA was used to verify whether

statistically significant differences between the means of the groups exist. The data in each
configuration was independent. The data were assumed to be normally distributed with equal
variances.
The calculated p-value for maximum loads of both configurations was 0.2236 which is
higher than the significance level of 5% (0.05). Given this, there is enough evidence to conclude
that there is no statistically significant difference between the maximum failure loads of the two
tested configurations. The p-value for shear-free deflections is 0.1838 which is also higher than
the significance level, and it can be concluded that these differences are not statistically
significant. All of the calculations performed in Excel software were identical to the ones
obtained using the SAS software. The results of these calculations are summarized in Appendix
A.
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4.2

Mechanical properties of short-span CLT and panels with embedded crosslaminations

4.2.1

Panels with embedded cross-laminations
Maximum failure loads, global and shear-free deflections of all tested panels are

summarized in table 4.5. Out of 11 destructively tested panels, three were excluded from the
analysis because of poor performance and severe delamination failure modes. Similar to the fullspan panels, these failure modes were caused by manufacturing defects that occurred during their
construction. The average maximum failure load recorded for short-span panels is 8,653 lbs.
whereas the maximum and minimum failure loads were 11,260 lbs. and 6,808 lbs., respectively.
For short-span panels, the presented deflections are the ones that were recorded at a load of 5,000
lbs., even though for these panels the deflections were measured up to the load of 7,000 lbs.
Similarly, as for the full-span panels, this was done for the comparison purpose, given that for
the short-span CLT panels the deflection was measured up to the load of 5,000 lbs.
Table 4.5

Short-span panels with embedded cross-laminations bending test results

Maximum failure
Global deflection
Shear-free deflection
load (lbs.)
[in.]
[in.]
S-E-1
11,260
0.114
0.035
S-E-2
7,151
0.148
0.045
S-E-3
7,410.5
0.131
0.015
S-E-4
6,808
0.323
0.114
S-E-5
9,234
0.129
0.017
S-E-6
10,723
0.147
0.026
S-E-7
8,453
0.154
0.034
S-E-8
8,186
0.159
0.018
Mean
8,653 (18.9)
0.163 (40.6)
0.038 (85.3)
In parenthesis, the values of the Coefficient of Variations are presented [%]
Specimen number
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4.2.1.2

Failure modes
Similar to the full-span panels, the same failure modes were observed for the short-span

panels with embedded cross-laminations. The dominant failure modes were rolling and
longitudinal shear. Nevertheless, after the panels were severely damaged in these failure modes,
bending failure occurred as the final failure mode. In figure 4.7 a) a typical rolling shear parallel
to the grain can be observed. This failure mode was observed in all of the tested panels, and it
usually occurred in the cross-lamination that was located between the loading head and the
support. In figure 4.7 b) the same stress concentration in the contacts of cross-laminations and
the outer layers as for the full-span panels can be observed. This type of failure mode occurred in
the vicinity of the cross-laminations that were located between the support and the loading head.
In figure 4.7 d) a stress concentration in the upper corners of the cross-lamination, which is
located between the two loading heads, can be observed. In figure 4.7 c) a typical rolling shear
failure mode can be observed with an inclined crack that propagates through the pith. After the
panels were severely damaged in longitudinal shear caused by this stress concentration and a
significant load drop of the load-deflection curve was observed, the panels finally failed in the
tension zone.
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Figure 4.7

Failure modes for short-span panels with embedded cross-laminations

a) rolling shear parallel to the grain; b) longitudinal and rolling shear perpendicular to grain
failure mode; c) rolling shear perpendicular to the grain, propagating through the pith; d)
combination of longitudinal shear and tension failure modes due to bending.
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4.2.2

CLT panels with thin laminations
Maximum failure loads, global and shear-free deflections of all the panels are

summarized in table 4.6. Out of 12 tested short-span panels, two were excluded from the analysis
because they failed in the delamination failure mode. Similar to the full-span panels, the shortspan CLT panels also exhibited relatively consistent values of maximum failure loads and
deflections. All of the panels failed in rolling shear failure mode. The average maximum failure
load recorded for short-span panels was 8,203 lbs., whereas the maximum and minimum
recorded failure loads were 9,276 lbs. and 7,361 lbs., respectively.
Table 4.6

Short-span CLT panels with thin laminations bending test results

Maximum failure
Global deflection
Shear-free deflection
load (lbs.)
[in.]
[in.]
S-T-1
8,022.5
0.145
0.011
S-T-2
7,818.5
0.141
0.014
S-T-3
8,354
0.121
0.009
S-T-4
7,422
0.132
0.012
S-T-5
8,319.5
0.132
0.014
S-T-6
9,276
0.143
0.019
S-T-7
7,361
0.172
0.021
S-T-8
8,317.5
0.147
0.012
S-T-9
9,131
0.138
0.010
S-T-11
8,426
0.135
0.017
Mean
8,245 (7.5)
0.138 (9.1)
0.014 (28.2)
In parenthesis, the values of the Coefficient of Variations are presented [%]
Specimen number
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4.2.2.2

Failure modes
Characteristic failure modes for short-span CLT panels are summarized in figure 4.8. The

dominant failure mode for these panels was rolling shear. The rolling shear crack initiated in the
core laminations, close to the neutral axis and usually in the earlywood. The appearance of these
rolling shear initial cracks did not cause a significant load drop of the load-deflection curve. As
the load increased, the cracks became larger which finally propagated to the nearest glue bondline. This was followed by wood failure near the glue bond-line, after which the crack finally
propagated to the nearest edge of the panel. After this, a significant load drop of the loaddeflection curve was observed. A typical rolling shear failure mode can be observed in figure 4.8
b. All of the rolling shear cracks propagated throughout the cross-lamination in an inclined
manner, either parallel (Figure 4.8. c) or perpendicular (Figure 4.8. d) to the fiber. Furthermore,
some of the panels exhibited failure modes in the tension zone as can be seen in figure 4.8 d.
This occurred after the rolling shear crack propagated to the edge of the panel, which then caused
a transfer of additional load to face layers which further caused these types of failures.
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Figure 4.8

Failure modes for short-span CLT panels with thin laminations

a) and b) rolling shear perpendicular to the grain, c) rolling shear parallel to the grain, d)
combination of rolling shear, longitudinal shear and bending failure modes.

4.2.2.3

Calculations of effective shear-free (EIsf,eff) and apparent (EIapp,eff) bending
stiffness for short-span panels according to the American standard (ASTM D
198 – 15)
The average calculated values of the effective shear-free (EIsf,eff) and apparent (EIapp,eff)

bending stiffness of all short-span panels are presented in table 4.7 and 4.8. It can be noted from
the table that CLT panels exhibited higher both shear-free and apparent bending stiffness
compared to the panels with embedded cross-laminations. These calculations were performed
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since there are no standard analytical methods for analyzing the destructive testing data for the
proposed panels.
Table 4.7

Shear-free (EIsf,eff) and apparent (EIapp,eff) bending stiffness of the short-span panels
with embedded cross-laminations
Specimen
number
1
2
3
6
8
7
10
11
Mean
Coefficient
of Variation

Table 4.8

EIsf,eff [x 106 psi]

EIapp,eff [x 106 psi]

28.9
29.9
24.7
33.8
13.3
19.9
15.6
25.0
23.9

20.0
16.7
18.3
20.5
12.2
17.6
15.3
15.4
16.9

Ratio
[EIsf/EIapp]
1.44
1.79
1.35
1.65
1.09
1.13
1.02
1.63
1.39

29.98%

16.06%

20.84%

Shear-free (EIsf,eff) and apparent (EIapp,eff) bending stiffness of the short-span CLT
panels
Specimen
number
1
2
3
4
5
6
7
9
10
13
Mean
Coefficient
of Variation

EIsf,eff [x 106 psi]

EIapp,eff [x 106 psi]

45.5
30.7
30.7
26.0
22.4
25.2
15.5
25.7
27.1
29.6
27.9

16.9
17.2
17.2
17.7
18.9
18.6
13.7
17.3
18.2
18.4
17.4

Ratio
[EIsf/EIapp]
2.69
1.79
1.79
1.47
1.18
1.35
1.13
1.49
1.49
1.61
1.60

27.56%

8.44%

27.67%
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4.2.3

Statistical analysis
Similar to the full-span panels, the same statistical analysis was performed for the short-

span panels. For maximum failure loads, the obtained p-value was 0.4131, which is higher than
the significance level. This leads to the conclusion that the differences in the maximum failure
load between the two configurations are not statistically significant. The calculated p-value for
shear-free deflection was 0.0031, which is lower than the significance level, and there is enough
evidence to conclude that the differences of the deflections between the two configurations of
short-span panels are statistically significant. The possible explanation for this phenomenon
might be that the cross-laminations of the proposed panel have a higher influence on shear than
on bending deformation. The results of these calculations are summarized in Appendix B.
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CHAPTER V
CONCLUSIONS AND FUTURE WORK
In Chapter V this research has been summarized and suggestions for future research are
presented.
5.1

Conclusions
In the presented study, the mechanical properties of a layered wood-based composite

panel were investigated by destructive experimental testing. The data obtained from these
destructive tests were compared against the same data obtained by destructive testing of
conventional thin layered CLT panels that had the same thickness as the panels with embedded
cross-laminations.
According to the average maximum failure loads and global and shear-free-deflections it
can be stated that full-span panels with embedded cross laminations exhibited higher strength
and stiffness properties compared to the conventional CLT panels with thin laminations. Even
though these values are not statistically significant, it can be stated that the proposed panel has
higher bending strength and stiffness compared to conventional CLT.
Short-span panels exhibited higher strength, but also lower stiffness properties compared
to the conventional CLT panels with thin laminations. For the strength properties, the differences
were found not to be statistically significant. The differences between the stiffness properties of
the short-span panels were found to be statistically significant. The possible explanation for this

69

mechanical behavior is that the technique of embedding the cross-laminations of the proposed
composite panel has a higher influence on shear than on bending deformation.
Furthermore, both full- and short-span panels with embedded cross-laminations exhibited
considerable variations in maximum failure loads and deflections compared to the conventional
CLT panels. CLT panels exhibited relatively consistent mechanical properties during their
bending tests. Also, it was observed that panels with embedded cross-laminations, regardless of
the length failed in mixed modes of failure, such as flexure, rolling shear, longitudinal shear, and
even compression. It was concluded that this behavior is due to a large stress concentration in the
contacts of the cross-laminations and the outer layer laminations which was observed while
testing these panels. Finally, because several full- and short-span panels failed in delamination
failure modes, it was concluded that high precision of cutting and manufacturing is essential for
the quality performance of the panels with embedded cross-laminations.
5.2

Future work
Firstly, given that the sample size was small, additional panels need to be manufactured

and tested in order to gain sufficient data regarding their mechanical properties. Furthermore, the
mechanical properties of the panel with embedded cross-laminations in the minor strength
direction need to be investigated. Also, a structural analysis model (Finite Element Model)
needs to be developed and validated against the destructive testing data, and which can further be
used to estimate moment and shear strength and stiffness of the composite panel with embedded
cross-laminations. Furthermore, methods for numerical analysis of the data obtained by
destructive testing has to be developed, which will allow accurate calculations of bending and
shear strength and stiffness properties of the panel with embedded cross-laminations.
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Several different research ideas were discussed while working on this project, which
would be interesting to investigate in the future. Those would be to investigate the mechanical
properties of a panel that has cross-laminations with different cross-section shape. Furthermore, a
panel with cross-laminations that are made out of different materials can be investigated. Finally,
panels with embedded cross-laminations that have higher outer layer depth can be tested and
compared

to

conventional

CLT

panels
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with

standard

depth

dimensions.

REFERENCES
Afzal, Muhammad T., Shouyong Lai, Ying H. Chui, and Ghulam Pirzada. 2006. “Experimental
Evaluation of Wood I-Joists with Web Holes.” Forest Products Journal 56 (10): 26–30.
American National Standards Institutes - ANSI/APA. 2018. “ANSI/APA PRG 320-2018:
Standard for Performance-Rated Cross-Laminated Timber.” February 320 (February): 1–
33.
ASTM. 2008. “Standard Test Methods for Density and Specific Gravity (Relative Density) of
Plastics by Displacement ASTM D2395.” American Society for Testing and Materials, 6.
https://doi.org/10.1520/D0792-08.2.2016. “Standard Test Methods for Moisture Content
of Wood ASTM D4442.” 1983 Annual Book of ASTM Standards, no. November: 431–45.
https://doi.org/10.1520/D4442-16.These.
ASTM International. 2010. “Standard Test Methods of Static Tests of Lumber in Structural Sizes
1.” Annual Book of ASTM Standards i (C): 1–26. https://doi.org/10.1520/D019815.Copyright.
Blass, Hans Joachim, and Peter Fellmoser. 2004. “Design of Solid Wood Panels with Cross
Layers Influence of Shear Deformation τ τ τ Design Methods for Solid Wood Panels
Calculation of Solid Wood Panels with Composite Theory.” Design of Solid Wood
Panels with Cross Layers., 604.
Buck, Dietrich, Xiaodong Alice Wang, Olle Hagman, and Anders Gustafsson. 2016. “Bending
Properties of Cross Laminated Timber (CLT) with a 45° Alternating Layer
Configuration.” BioResources 11 (2): 4633–44.
https://doi.org/10.15376/biores.11.2.4633-4644.
Chen, B. Y., T. E. Tay, P. M. Baiz, and S. T. Pinho. 2013. “Numerical Analysis of Size Effects
on Open-Hole Tensile Composite Laminates.” Composites Part A: Applied Science and
Manufacturing 47 (1): 52–62. https://doi.org/10.1016/j.compositesa.2012.12.001.
Chen, Guo, Hai Tao Li, Tao Zhou, Cheng Long Li, Yu Qi Song, and Rui Xu. 2015.
“Experimental Evaluation on Mechanical Performance of OSB Webbed Parallel Strand
Bamboo I-Joist with Holes in the Web.” Construction and Building Materials 101: 91–
98. https://doi.org/10.1016/j.conbuildmat.2015.10.041.

72

Christovasilis, I. P., M. Brunetti, M. Follesa, M. Nocetti, and D. Vassallo. 2016. “Evaluation of
the Mechanical Properties of Cross Laminated Timber with Elementary Beam Theories.”
Construction and Building Materials 122: 202–13.
https://doi.org/10.1016/j.conbuildmat.2016.06.082.
Dahlen, Joseph, P. David Jones, R. Daniel Seale, and Rubin Shmulsky. 2014. “Bending Strength
and Stiffness of Wide Dimension Southern Pine No. 2 Lumber.” European Journal of
Wood and Wood Products 72 (6): 759–68. https://doi.org/10.1007/s00107-014-0848-y.
EUROPEAN COMMITTEE FOR STANDARDZATION. 2015. “BSI Standards Publication
Timber Structures — Cross Laminated Timber — Requirements.” Cen, 1–106.
Harte, A. M., and G. Baylor. 2011. “Structural Evaluation of Castellated Timber I-Joists.”
Engineering Structures 33 (12): 3748–54.
https://doi.org/10.1016/j.engstruct.2011.08.011.
He, Minjuan, Xiaofeng Sun, and Zheng Li. 2018. “Bending and Compressive Properties of
Cross-Laminated Timber (CLT) Panels Made from Canadian Hemlock.” Construction
and Building Materials 185: 175–83. https://doi.org/10.1016/j.conbuildmat.2018.07.072.
Hindman, Daniel P., and John C. Bouldin. 2015. “Mechanical Properties of Southern Pine CrossLaminated Timber.” Journal of Materials in Civil Engineering 27 (9): 1–7.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001203.
International Code Council. 2017. 2018 International Building Code. Journal of Chemical
Information and Modeling. https://doi.org/10.1017/CBO9781107415324.004.
Islam, M. Shahidul, Md Shahnewaz, and M. Shahria Alam. 2015. “Structural Capacity of Timber
I-Joist with Flange Notch: Experimental Evaluation.” Construction and Building
Materials 79: 290–300. https://doi.org/10.1016/j.conbuildmat.2015.01.017.
Karacabeyli, Erol, and Douglas Brad. 2013. Hand Book Cross Laminated Timber. Book.
KLH. 2012. “Cross Laminated Timber Catalogue,” 7. https://doi.org/10.1016/B978-1-78242454-3.00008-1.
Koch, Peter. 2004. “Utilization of the Southern Pines.” Wood Science and Technology 9 (1): 80–
80. https://doi.org/10.1007/bf00351917.
Kreuzinger, H. 1995. “Mechanically Jointed Beams and Columns.” Timber Engineering. STEP
1: B11.
Li, Minghao, Wenchen Dong, and Hyungsuk Lim. 2019. “Influence of Lamination Aspect Ratios
and Test Methods on Rolling Shear Strength Evaluation of Cross-Laminated Timber.”
Journal of Materials in Civil Engineering 31 (12): 1–11.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002977.
73

Mestek, Peter, Heinrich Kreuzinger, and Stefan Winter. 2008. “Design of Cross Laminated
Timber (CLT).” 10th World Conference on Timber Engineering 2008 1: 156–63.
Morrissey, Geoffrey C., David W. Dinehart, and W. Gary Dunn. 2009. “Wood I-Joists with
Excessive Web Openings: An Experimental and Analytical Investigation.” Journal of
Structural Engineering 135 (6): 655–65. https://doi.org/10.1061/(ASCE)ST.1943541X.0000013.
O’Ceallaigh, Conan, Karol Sikora, and Annette M. Harte. 2018. “The Influence of Panel Lay-up
on the Characteristic Bending and Rolling Shear Strength of CLT.” Buildings 8 (9): 1–15.
https://doi.org/10.3390/buildings8090114.
Sanders, Steven L. 2011. “Behavior of Interlocking Cross-Laminated Timber (ICLT) Shear
Walls- THESIS.” Thesis of Master, Brigham Young University, no. December.
Service, Forest. 2005. “Wood Handbook 1999,” 1–486. papers2://publication/uuid/3258D7CF6851-4BF4-BBCB-CD58D90BEAE1.
Sikora, Karol S., Daniel O. McPolin, and Annette M. Harte. 2016. “Effects of the Thickness of
Cross-Laminated Timber (CLT) Panels Made from Irish Sitka Spruce on Mechanical
Performance in Bending and Shear.” Construction and Building Materials 116: 141–50.
https://doi.org/10.1016/j.conbuildmat.2016.04.145.
Smith, Ryan E. 2011. “INTERLOCKING CROSS-LAMINATED TIMBER 1 BTES
CONFERENCE 2011-CONVERGENCE AND CONFLUENCE INTERLOCKING
CROSS-LAMINATED TIMBER: Alternative Use of Waste Wood in Design and
Construction.”
Turner, Alan. 2010. “Structural Performance of Cross Laminated Timber Panels as Walls,” 120.
Zhu, E. C., Z. W. Guan, D. J. Pope, and P. D. Rodd. 2007. “Effect of Openings on Oriented
Strand Board Webbed Wood I-Joists.” Journal of Structural Engineering 133 (1): 145–
49. https://doi.org/10.1061/(ASCE)0733-9445(2007)133:1(145).

74

APPENDIX A
ANALYSIS OF VARIANCE FOR MAXIMUM FAILURE LOAD, GLOBAL AND SHEARFREE DEFLECTION FOR FULL-SPAN PANELS
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Table A.1

The general linear procedure on maximum failure load for full-span CLT and
panels with embedded cross-laminations

Source
Model
Error
Corrected Total

Table A.2

Mean Square
2194297.88
1369141.03

F-value
1.60

p-value
0.2236

The general linear procedure on a global deflection for full-span CLT and panels
with embedded cross-laminations

Source
Model
Error
Corrected Total

Table A.3

DF Sum of Squares
1
2194297.88
21906256.40
24100554.28

DF Sum of Squares
1
0.00841000
16
0.05818850
17
0.06659850

Mean Square
0.00841000
0.00363678

F-value
2.31

p-value
0.1479

The general linear procedure on a shear-free deflection for full-span CLT and
panels with embedded cross-laminations

Source
Model
Error
Corrected Total

DF Sum of Squares
1
0.00093122
16
0.00771928
17
0.00865050

Mean Square
0.00093122
0.00048245
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F-value
1.93

p-value
0.1838

APPENDIX B
ANALYSIS OF VARIANCE FOR MAXIMUM FAILURE LOAD, GLOBAL AND SHEARFREE DEFLECTION FOR SHORT-SPAN PANELS
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Table B.1

The general linear procedure on maximum failure loads for short-span CLT and
panels with embedded cross-laminations

Source
Model
Error
Corrected Total

Table B.2

Mean Square
3754232.05
5333080.92

F-value
0.70

p-value
0.4131

The general linear procedure on a global deflection for short-span CLT and panels
with embedded cross-laminations

Source
Model
Error
Corrected Total

Table B.3

DF Sum of Squares
1
3754232.05
17
90662375.64
18
94416607.68

DF Sum of Squares
1
0.00243801
17
0.03240051
18
0.03483853

Mean Square
0.00243801
0.00190591

F-value
1.28

p-value
0.2738

The general linear procedure on a shear-free deflection for short-span CLT and
panels with embedded cross-laminations

Source
Model
Error
Corrected Total

DF Sum of Squares
1
0.00258756
17
0.00752855
18
0.01011611

Mean Square
0.00258756
0.00044286

78

F-value
5.84

p-value
0.0272

